Response of a Maize Synthetic to Selection for Components of Partial Resistance to
, is an important foliar disease of maize (Zea mays L.) that occurs worldwide virtually everywhere maize is grown (13, 32, 41) . The disease is most prevalent and damaging when cool to moderate temperatures and moist conditions prevail during the growing season (13, 32, 41) . E. turcicum overwinters in crop residues and initiates epidemics with conidia produced on those residues (27) .
The disease can cause extensive defoliation during the grain-filling period, resulting in grain yield losses of 50% or more (13, 23, 24, 37) . Resistance in maize to NLB is generally classified as one of two types: major gene resistance, conferred by the Ht1, Ht2, Ht3, or HtN genes, that is racespecific, and partial resistance that is under polygenic control and is effective against all pathogen biotypes (11- 16, 22, 25, 35, 36, 38) . The Ht1, Ht2, and Ht3 genes confer a "chlorotic lesion" type of reaction to the pathogen (12, 14, 15) , whereas the HtN gene results in a delay of symptoms until after anthesis (11, 26) . Virulence to each of these genes has been demonstrated in the population of E. turcicum in the United States and elsewhere (20, 21, 30, 33, 34, 39, 43 ). An additional recessive gene, ht4, that confers a "chlorotic halo" response to infection by E. turcicum has been described, but its effectiveness in controlling NLB is not clear (6). Emphasis in commercial maize breeding programs in the United States has been on exploiting partial resistance, although the Ht1 gene was used extensively prior to the discovery of isolates of E. turcicum with corresponding virulence to it.
Partial resistance of maize to NLB is inherited in a polygenic manner with mostly additive gene action involved (16, 18) . Mapping studies using reciprocal translocations and molecular markers indicate that quantitative trait loci (QTL) on all 10 chromosomes of maize may be involved (2, (8) (9) (10) 17, 28, 40) . Partial resistance of maize to NLB is expressed as a reduction in development of the disease and percent leaf area infected, which in turn may result from expression of several components, including incubation period, latent period, lesion size, lesion numbers, lesion expansion rate, and sporulation intensity (1,2,5,7, 25, 29, 31 ). An increase in latent or incubation period is the one component most related to disease development on adult plants and is expressed over a range of temperature and light conditions (1,7,31). Several studies have attempted to map QTL for specific components of partial resistance to NLB. QTL for increased latent (or incubation) period for NLB in the commercially important inbred line Mo17 often mapped to the same chromosome arms as loci governing percent disease severity or area under the disease progress curve (AUDPC) on adult plants (2, 8, 38) . A similar correlation was found in mapping NLB resistance QTL in the tropical inbred line CML202 and in an early maturing European flint × dent population (28, 40) . QTL for reduced lesion numbers also mapped to many of the same locations as reduced NLB severity, and lesion numbers were correlated with NLB severity (2,10). Other possible components of NLB resistance such as lesion size and sporulation intensity are only weakly associated with disease severity and associated QTL (2,10).
The objective of this research was to determine the efficacy of selection for two components of partial resistance, increased latent period and shorter lesion length, on improving the NLB resistance in a maize synthetic.
MATERIALS AND METHODS
Creation of the maize synthetic. A synthetic population was created by intercrossing five maize inbred lines varying in level of partial resistance: 69-1, Mo17, B37, A619, and A632. These inbred lines are recessive at all of the major Ht gene loci. An experimental line, 69-1, was derived from the maize synthetic BS-19 and has a very high level of partial resistance expressed as an extended latent period (4,5). Mo17 is an inbred line with an acceptable level of partial resistance and has been used in QTL mapping studies of NLB resistance (2,8-10). B37 has a low level of partial resistance to NLB. A619 and A632 are considered very susceptible to NLB. The latter four inbred lines are all public releases that were widely used in the hybrid seed industry and are still represented in the pedigrees of inbred lines currently used in commercial hybrids. The five parental lines were crossed in a half-diallel (all possible F1 crosses without reciprocals) manner. The resulting F1s were also crossed in a half-diallel manner, and the resulting double crosses were allowed to random mate in isolation to form the initial population (Cycle 0).
Selection for components of partial resistance. The base population was subjected to selection for two separate components of partial resistance to NLB: increased latent period and decreased lesion length. Selection was practiced in field plots consisting of at least 20 rows of the population(s), 6 m long and spaced 0.9 m apart. Rows were seeded with 25 seeds each and were not thinned. Plants were inoculated at the four-to six-leaf stage by placing ca. 20 to 30 seeds of a sorghum grain culture of a virulent isolate of E. turcicum (Et10) into the leaf whorl. Et10 is a race O isolate originally collected in 1985 from Wilkes County, NC. The sorghum grain inoculum was produced by soaking sorghum seed overnight in water, draining off the excess, and placing the moistened seed into flasks and autoclaving them for 1 h. Flasks of autoclaved, moistened sorghum seed were inoculated with conidial suspensions prepared by washing conidia from 10-day-old lactose caseinate agar (LCA) cultures of E. turcicum. The inoculated sorghum cultures were grown for 2 weeks at room temperature and then stored at 4°C. Latent period was measured as the time (in days) from inoculation to the appearance of the first NLB lesion on a plant. Plants were removed as they became symptomatic until ca. 10% of the plants remained. These remaining plants were intermated by bulking pollen from these selected plants and using it to pollinate individual plants. This intermating was done on two separate dates to accommodate the range in plant maturities within the populations. Equal amounts of seed from each pollinated ear were bulked to form the next selection cycle. Lesion length was measured as the length (cm) of a single NLB lesion 5 days after its initial appearance. A single lesion on individual plants was marked and dated using an indelible marking pen on the infected leaf on the day the lesion first began to expand from an infection point. Lesion lengths were measured and written on the same leaves 5 days later, and the plant was marked with high-visibility spray paint to indicate that lesion length data for that plant had been recorded. When data from all plants in the population had been recorded, the 10% of plants with shortest lesions were intermated as described above to form the next selection cycle. After the initial selection in the original synthetic (Cycle 0), further selection cycles for the two components of resistance were kept separate, forming two separate lines of selection. Two additional selection cycles were conducted for the two traits, using the methodology outlined above. Field trials were inoculated with E. turcicum as described above. Whole plots were visually rated for NLB severity (percent leaf area diseased) four times during the grain-filling period, and area under the disease progress curve was calculated (42) . In addition to collecting NLB severity data, the date when 50% of plants within a plot were symptomatic was recorded in the 1999 trial as a measure of latent period. No latent period data were recorded in 2001 due to poor and inconsistent initial infection by E. turcicum in the plots.
Greenhouse trials of selected populations. Three greenhouse trials were conducted in January and February 2002 to measure latent periods of the original synthetic and the advanced selection cycles, as well as the check hybrid A632 × A619. Each trial was a randomized complete block design with seven replications.
Seeds Plants were inoculated 3 weeks after planting. Approximately 0.1 ml of a 10 4 conidia/ml suspension of E. turcicum (a mixture of 11 isolates of race O) was pipetted into the leaf whorl, and flats were placed overnight (16 h) in a mist chamber. Inoculum was prepared by washing conidia from the surface of LCA cultures of the E. turcicum isolates, suspending in tap water to which Tween 20 (1 drop/100 ml) had been added, and the resulting suspension adjusted to final concentration with the aid of a hemacytometer.
Beginning 7 days after inoculation, plants were inspected daily for the presence of necrotic lesions, and the number of symptomatic plants in each row was recorded. The latent period of individual plants was recorded as the number of days from inoculation to necrotic lesion formation.
Data analysis. Data were subjected to analysis of variance using SAS GLM, and the variation among selection cycles for each component of resistance was partitioned into the linear and quadratic responses to selection by regressing NLB disease reaction data on selection cycle number. The selection response per cycle was calculated as the slope of the linear regression. The treatments significantly interacted with years in the field experiments, so selection responses were estimated separately for each year. 
RESULTS
Field trials. Development of NLB was greater in the 1999 than the 2001 field trial. NLB severity on the susceptible check hybrid reached a high of 92% by the last rating date near physiological maturity in 1999, but only reached 43% at the same growth stage in 2001. For reasons that were not readily apparent, some plants escaped initial infection after inoculation in 2001, so disease development was delayed compared with 1999. Final NLB severities on the populations ranged from 54 to 85% and 8 to 43% in 1999 and 2001, respectively. The date when 50% of plants were symptomatic (an indirect measure of latent period) in the 1999 field trial ranged from 1 June (A632 × A619) to 7 June (LLP Cycle 3; Table 1 ). In greenhouse trials, mean latent periods (days to first necrotic lesion) ranged from 11.4 days for the check hybrid A632 × A619 to 15.2 days for the third cycle of selection for long latent period (LLP Cycle 3; Table 1 ).
Direct selection for increased latent period resulted in a linear decrease in AUDPC of 202 percent-days (a 20% reduction) per cycle in the 1999 field trial (Fig. 1A) . In the 2001 field trial, the response in AUDPC to selection for increased latent period was quadratic, with most of the improvement occurring in the first two selection cycles (Fig. 2A) . The linear response to selection averaged 120 percent-days or 27% per cycle in 2001. Selection for decreased lesion length resulted in an average decrease in AUDPC of 149 percent-days or 14% per cycle in 1999, and 80.4 percent-days or 18% in 2001 (Figs. 1B and 2B, respectively) .
The direct response to selection for increased latent period resulted in an increase of 2 days per selection cycle when measured in 1999 field trials as the number of days after 1 June when 50% of plants were symptomatic (Fig. 3A) . Selection for decreased lesion length produced a correlated response of a 1.2-day increase in the number of days after 1 June when 50% of plants were symptomatic per selection cycle in the 1999 field trial (Fig. 3B) .
Greenhouse trials. Selection for increased latent period produced an average gain per cycle of 0.6 days or ~4% when measured on seedling plants in greenhouse trials (Fig. 4A) . Selection for reduced lesion length had no significant effect on latent period as measured on seedling plants in the greenhouse (Fig. 4B) .
DISCUSSION
Selection for either increased latent period or decreased lesion length is an effective means of improving maize populations for partial resistance to NLB. Selection for either of these components of partial resistance is advantageous because it can be practiced before pollination, thereby allowing the selection of both female and male parents. Theoretically, this doubles the selection efficiency compared with simple mass selection where selection is practiced on open-pollinated female plants at some time after pollination. In this study, selection for increased latent period resulted in an average gain of 20 to 27% per cycle (as measured by reduction in AUDPC). These gains are nearly twice that reported by Campana and Pataky (3) in three of four sweet maize populations where phenotypic mass selection was conducted for reduced NLB severity. These gains are also somewhat greater than those reported by Jenkins et al. (19) , whose average gain per cycle across nine populations varied from 11 to 21%. In both these studies, selection was for reduced NLB severity before anthesis, and both male and female plants were selected for recombination. Because most NLB development occurs after anthesis, selection based on severity before anthesis may not be as effective as selection based on either a single NLB severity rating measured later in epidemic development or on multiple severity ratings taken during the NLB epidemic, such as AUDPC.
Selection for reduced lesion length was less effective in increasing resistance to NLB than was selection for increased latent period, when comparing average gain per selection cycle. Selection for reduced lesion length also proved more tedious to measure than latent period on plants in field plots, at least as it was measured in this study where lesions of a uniform age were measured. Based on previous studies where little relation was found between lesion size and NLB severity and lesion size itself was found to be of low heritability (2,10), it is somewhat surprising at first glance that selection for smaller lesion size was effective in improving NLB resistance. In the previous studies, lesion size was measured on lesions of mixed and undetermined age, whereas in this study lesions were measured at a uniform age (5 days after their first appearance), and conceivably this would be subject to less extraneous error due variability in age of the lesion and as a consequence be of higher heritability.
The improvement in partial resistance to NLB seen in the 1999 field trial was mirrored by the increase in latent period in advanced cycles selected for either increased latent period or decreased lesion length. It is unfortunate that latent periods could not be reliably measured in the 2001 field trial, but it was evident from the lack of visible infection points (necrotic flecks) that many plants escaped initial infection.
The efficacy of selection for increased latent period was also evident in seedling greenhouse trials. The response, although statistically significant, was a modest 4% gain per cycle. There was no significant response of latent period to selection for shorter lesion length detected in greenhouse trials. A previous study has shown that although latent period on seedlings in the greenhouse is closely related to partial resistance seen under field conditions, differences in latent periods among maize genotypes are smaller under greenhouse conditions than in the field (5).
Previous studies have documented the close relationship between latent period and partial resistance, but this study is the first to clearly demonstrate the efficacy of selection for increased latent period in improving partial resistance in maize to NLB. Selection for increased latent period was also clearly superior to selection for decreased lesion length in both efficacy and ease of use. Given the preponderance of evidence of the importance of latent period in partial resistance to NLB in diverse maize cultivars, it is tempting to generalize that latent period is universally the most important component of partial resistance in maize to NLB. However, it is entirely possible that other components of resistance may be most important in other maize germ plasm. The inbred lines used in the synthesis of the population that was the subject of selection in this study were specifically selected to represent a range of latent periods; therefore it is not particularly surprising that sufficient variability for latent period existed in the population and selection was very effective. 
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